ABSTRACT We determined nucleotide sequences of the nuclear rDNA internal transcribed spacer (ITS)1Ð5.8SÐITS2aÐ2SÐITS2 region in 103 individuals of 25 Culicoides species (Diptera: Ceratopogonidae) from 11 locations in Japan. Ribosomal RNA genes, 5.8S and 2S rDNA, were highly conserved among the species with few variations. The ITS2a region showed length variation among species. Both ITS1 and ITS2 showed highly varied sequences among species. The noticeable indel regions among ITS1 sequences are present in some Culicoides species, separating species into two types having long or short ITS1 region. However, Culicoides cylindratus Kitaoka possesses both types of ITS1 in each individual; these results seem to indicate that the ITS1-long type was the prototype and the short type was produced through deletion in many Culicoides species. One species, belonging to subgenus Avaritia, possessed an Avaritia-speciÞc sequence in ITS1 and phylogenetically formed a monophyletic group. Geographical genotypes in a species were not clear. Species-speciÞc sequence features were observed, enabling molecular identiÞcation of Culicoides species.
Culicoides (Diptera: Ceratopogonidae) biting midges are highly diverse (Borkent and Wirth 1997, Borkent 2006) and are distributed worldwide. Some species are hematophagous; they are important vectors of arthropod-borne viruses (arboviruses) that cause serious diseases of humans and livestock (Mellor et al. 2000) . In Japan, bovine congenital malformation results from infection of Akabane, Aino, Chuzan, and Ibaraki viruses. These viruses are most frequently traced to Culicoides oxystoma Kieffer in southwestern Japan (Kurogi et al. 1987 , Miura et al. 1988 , Kurogi et al. 1989 , Yanase et al. 2005 . Peaton virus, closely related to Aino virus, was isolated from Culicoides species in Okinawa, in southern Japan (Matsumori et al. 2002) . JapanÕs livestock and other animals are threatened by infection of bluetongue virus (Goto et al. 2004 ). In addition, Culicoides arakawae (Arakawa) is an important vector of Leucocytozoon caulleryi, which causes leucocytozoonosis in chickens in eastern Asia, including Japan (Akiba 1960 , Kitaoka and Morii 1963 , Morii et al. 1981 .
The biting midges are small; their ecology is poorly understood. To elucidate the virus epidemiology, ecological aspects of these insects, including their habitat, life cycle, and behavior, should be clariÞed. In addition to this information, a more important issue related to these dipterans is easy classiÞcation of Þeld-collected individuals. Attempts have been made to group Culicoides genus species into subgenera or groups (Campbell and Pelham-Clinton 1960 , Wada and Kitaoka 1977 , Wirth and Hubert 1989 , Borkent and Wirth 1997 , Wada 1999 . Wada (1999) subdivided Japanese Culicoides species into six subgenera: Avaritia, Beltranmyia, Culicoides, Oecacta, Monoculicoides, and Trithecoides. ClassiÞcation of Culicoides species, which has been based on morphological characteristics and a spotted wing pattern of adults, is especially difÞcult especially for Þeld-collected larvae and pupae. Molecular identiÞcation of species and strains is a powerful and reliable method for small and simple morphological organisms. Mitochondria genome sequences are good molecular markers for species identiÞcation and are often used for this purpose (Lyman et al. 1999 , de Rojas et al. 2001 , Roy et al. 2006 , Nolan et al. 2007 , Rach et al. 2008 , Matsumoto et al. 2009 ). However, mitochondrial gene sequences are not so divergent in certain animal groups; therefore, a more highly divergent region of the nuclear genome, internal transcribed spacer (ITS) regions of rRNA gene, are sometimes used for molecular identiÞcation (Wesson et al. 1992 , Muccio et al. 2000 , von der Schulenburg et al. 2001 , Mukha et al. 2002 , Coleman 2003 , Beiggi and Piercey-Normore 2007 . The rRNA gene is a mul-tigene family consisting of many copies of genes. Usually, three ribosomal componentsÑ18S, 5.8S, and 28S rRNAsÑare coded in the genome. Two ITS regions exist: ITS1 is between 18S and 5.8S rRNA genes and ITS2 between 5.8S and 28S (Raué et al. 1988) . Drosophila species possess two small rRNA subunits in 5.8S rRNA region: 5.8S and 2S ribosomal subunit (Pavlakis et al. 1979 , Jordan et al. 1980 , Shimada 1992 ). These two rRNA coding regions are separated by a small boundary sequence, ITS2a. Culicoides species also have 2S rRNA. In contrast, mosquitoes have no 2S rRNA (Miller et al. 1997 ).
The present study deals with nucleotide sequences of ITS regions between 18S and 28S rRNA genes in Japanese Culicoides species. Because most published sequence data of Culicoides (Cetre-Sossah et al. 2004; Ritchie et al. 2004; Gomulski et al. 2005 Gomulski et al. , 2006 Perrin et al. 2006) are from Europe and South Africa, inclusion of the present sequence data from Japanese populations has supplemented and extended the molecular data for this globally important group of virus vectors. We also have evaluated whether ITS sequences are reliable molecular tools for identiÞcation of species and strains.
Materials and Methods
Insect Samples. The 25 species of Culicoides samples used for this study were collected using light traps during 3 yr (January 2002ÐSeptember 2005) at 11 locations in Japan (Aomori, Ishikawa, Ibaraki, Hyogo, Kochi, Nagasaki [Ohmura city and Isahaya city], Kagoshima and Okinawa [Naha city, Ishigaki Isl. and Yonaguni Isl.] prefectures), from northern (141Њ 09Ј E/40Њ 42Ј N, Aomori) to southeastern regions (123Њ 00Ј E/24Њ 28Ј N, Yonaguni Isl.) ( Fig. 1 ; Table 1 ). The samples were identiÞed morphologically using wing punctation patterns, with consultation of Wada (1999) .
DNA Purification, Polymerase Chain Reaction (PCR), and Cloning. From individual insects, DNA was extracted using the DNeasy kit (QIAGEN, Valencia, CA). PCR was performed using the highly conserved primer pair ITS5, 5Ј-GGAAGTAAAAGTCGTAA-CAAGG-3Ј (for 18S rDNA; White et al. 1990 ) and ITS28TC, 5Ј-TGCTTAAATTTCAGGGGGT-3Ј (for 28S rDNA; Charles et al. 1991, modiÞed) , amplifying the region between 3Ј end of 18S and 5Ј end of 28S rDNA. The reaction mixture (20 l) consisted of 150 M deoxynucleotides (Takara Bio Inc., Tokyo, Japan), 0.5 M forward primer, 0.5 M reverse primer, 1Ð2 l of the PCR template, and 0.5 U of TaqDNA polymerase (Takara Bio Inc.) in PCR buffer (Takara Bio Inc.). The PCR temperature proÞle was 94ЊC for 3 min, followed 94ЊC for 30 s, 52ЊC for 30 s, 72ЊC for 1.5 min for 30 cycles, and then 72ЊC for 5 min.
The ampliÞed DNA fragments were ligated into the pGEM-T Vector (Promega, Madison, WI) with DNA ligation kit, version 2 (Takara Bio Inc.). The ligated mixture was introduced into Escherichia coli DH 5␣ (Toyobo Co. Ltd., Tokyo, Japan), and transformants were selected on Luria-Bertani plates containing 100 g of ampicillin per milliliter. The inserted DNA fragments were ampliÞed using M13-20 and reverse primers directly from the positive white colonies by PCR. The PCR products of Ϸ700 Ð1,000 bp were conÞrmed using 1% agarose/TAE gel electrophoresis. The ampliÞed fragments were puriÞed using spin columns (Sephacryl S-300 HR, GE Healthcare, Chalfont St. Giles, Buckinghamshire, United Kingdom). Plasmids DNA including the fragment were also puriÞed from overnight-cultured bacteria using a DNA puriÞcation system (Wizard Plus SV Minipreps, Promega). Then PCR-ampliÞed fragments or puriÞed plasmids of three to 24 independent clones were sequenced with a DNA sequence system (model 3700, PerkinElmer Life and Analytical Sciences, Boston, MA) after a sequencing reaction using dye primer cycle sequencing kits (ABI Prism, Applied Biosystems Division, PerkinElmer Life and Analytical Sciences).
Phylogenetic Analysis. The DNA sequences were aligned using ClustalX (Thompson et al. 1997) . The alignment was conÞrmed manually and corrected. Phylogenetic analyses were performed for the ITS1 (644 bp) ϩ ITS2 (406 bp) sequence including gaps. Fundamentally, one representative sequence was used in each species for the alignment. Neighborjoining (NJ) and maximum likelihood (ML) analyses were conducted using software (PAUP*, version 4.0b10; Swofford 2002). NJ trees were based on the HKY85 (Hasegawa et al. 1985) distance model. For NJ analyses, a bootstrap was calculated for 1,000 replicates. The program MODELTEST 3.7 (Posada and Crandall 1998) was used to estimate the most appropriate substitution model for ML analyses. The Akaike Information Criterion model chosen for ITS1 was TVM ϩ I (including invariable site) ϩG (gamma distribution shape parameter ϭ 0.7994), Pinvar ϭ 0.3588. In ML analyses, bootstrap replication was done 200 times.
Results and Discussion
Ribosomal RNA Structure and Sequences. We identiÞed 18S (32 bp of 3Ј region)ÐITS1Ð5.8SÐITS2aÐ2SÐ ITS2Ð28S (21 bp of the 5Ј region) sequences for 103 individuals from 25 Culicoides species in Japan ( Table   Table 1 . Culicoides species and their geographical origins
Species
Subgenus, group Accession no. Origin (individual no.)
Representative samples analyzed in this report. Subgenus and group classiÞcation of Japanese Culicoides species were based on the report by Wada (1999) . 1). The PCR product sizes obtained in this study were 721 (Culicoides cylindratus short sequence; see below)Ϫ1,096 bp (Culicoides dubius Arnaud) excluding primer regions. Sequence boundaries in rRNA genes, 18S, 5.8S, 2S, and 28S, were highly conserved and predicted based on the Culicoides variipennis (Coquillett) sequence (U48380) (Miller et al. 1997) .
Sequence sizes of 5.8S and 2S rDNA were, respectively, uniform among species: 123 bp and 30 bp. Nucleotide sequences of 2S rDNA were identical among all species examined. For 5.8S, the sequences were identical among all species except Culicoides oxystoma, which showed a two-nucleotide difference at the 50th base from the 5Ј end of 5.8S (A-ϾU) and at the 120th base (G-ϾA). Furthermore, Culicoides arakawae showed intraspecies single-nucleotide polymorphism at three positions in 5.8S (45th base: G-ϾA; 47th base: A-ϾG; 79th base A-ϾG). In Culicoides peregrinus Kieffer, a single polymorphic site existed (65th base: A-ϾC). The ITS2a sequences between 5.8S rDNA and 2S rDNA were from 33 bp (Culicoides charadraeus Arnaud) to 41 bp (C. oxystoma); many species had a 35Ð36-bp ITS2a sequence.
Culicoides ITSs had AT-biased sequences. The GC contents of ITS1 were 23.5% (Culicoides lungchiensis Chen and Tsai)Ϫ35.7% (Culicoides maculatus Shiraki), those of ITS2a 17.1% (Culicoides aterinervis Tokunaga and C. cylindratus)Ϫ25.7% (Culicoides sumatrae MacÞe, Culicoides jacobsoni MacÞe, and Culicoides brevipalpis DelÞnado), and those of ITS2 12.2% (C. peregrinus)Ϫ33.9% (C. brevipalpis). In contrast, the nucleotide sequences of functional unit, 5.8S and 2S rDNA, were not AT biased; their GC contents were 50.4Ð51.2 and 50%, respectively.
ITS1 Sequences. The ITS1 sequences ranged in length from 279 bp (C. cylindratus short type) to 585 bp (C. dubius). Because ribosomal DNA is usually tandemly repeated in the genome and includes polymorphism in nucleotide sequence (Stewart et al. 1983 , Wesson et al. 1992 , PCR products seem to include many different sequences even from one individual sample. Actually, the sequences show heterogeneity, as reported previously in Culicoides species (Ritchie et al. 2004 , Gomulski et al. 2006 , Perrin et al. 2006 ). Rates of homogeneity were calculated in some species to ascertain the proportion of identical bases among alignment sequences excluding gaps. For example, C. maculatus 36 clones from nine individuals from seven locations were aligned. The alignment of 310 nucleotide sites in the ITS1 region showed that seven sites were gaps, 283 sites were identical, and 20 sites were not identical, showing 93.4% homogeneity. The Culicoides species were collected in 11 locations in this study. Clear geographical phenotypes in ITS1 sequences were not found in the same species from different locations.
Using the ClustalX program (Thompson et al. 1997 ) with additional manual alignment, the 26 sequences of 25 species (two sequence types in C. cylindratus described below) were aligned. Only one representative sequence was used for each species; the representative sequences are deposited in DNA databases (Table 1) . Ritchie et al. (2004) reported that noticeable indel regions existed among ITS1 sequences in Culicoides species. ITS1 sequences of 10 species, C. arakawae, C. aterinervis, C. charadraeus, C. cylindratus (long type; see below), C. dubius, Culicoides erairai Kono and Takahasi, Culicoides humeralis Okada, Culicoides japonicus Arnaud, Culicoides matsuzawai Tokunaga, and Culicoides paraflavescens Wirth and Hubert possessed an indel region (ITS1-long type); others did not (ITS1-short type). The ITS1 sequences are aligned in Fig. 2A together with three species whose sequences had been deposited in the DNA database (AF074019, AJ489503, and U48380). The length of the indel region was from 82 bp (C. paraflavescens) to 152 bp (C. dubius) in which Ϸ50 nucleotide sequences were highly conserved. Wada (1999) classiÞed Japanese Culicoides species into six subgenus groups morphologically. All six species belonging to subgenus Avaritia (Campbell et al. 1960, Wirth and Hubert 1989) An Ϸ100-bp region downstream of the indel region is a highly conserved region among all Culicoides species sequenced so far ( Fig. 2A , highly conserved region). The region also is conserved among other Culicoides species deposited in the National Center for Biotechnology Information (Bethesda, MD), except for Culicoides maritimus Kieffer (AJ417981) (data not shown). In this highly conserved region, the Avaritia species-speciÞc region was observed, lacking several nucleotides ( Fig. 2A) . All six database-deposited species belonging to subgenus Avaritia (Culicoides chiopterus (Meigen), Culicoides dewulfi Goetghebuer, Culicoides imicola Kieffer, Culicoides montanus Shakirzjanova, Culicoides obsoletus (Meigen), and Culicoides scoticus Downes and Kettle) also lack the nucleotides in this region. The nucleotide deletion in this region strongly supports the close relation among subgenus Avaritia species as well as the phylogenetic tree proÞle described below (Fig. 4) .
ITS1 Long and Short Type of C. cylindratus. The C. cylindratus species individually possess both long and short type of ITS1. The PCR-ampliÞed fragments of all three examined C. cylindratus samples were separated into two bands on agarose/TAE gel electrophoresis (Fig. 3) . The short type showed 762Ð793 bp including primers (ITS1 length, 279 Ð309 bp) and the long type 858 Ð 865 bp including primers (ITS1, 373Ð376 bp). More than 20 clones of each C. cylindratus samples were sequenced; half to two thirds of clones were short type. The size difference was mainly attributed to the indel region in ITS1 sequences described above ( Fig. 2A) . The length of long type of C. cylindratus is the shortest among all examined ITS1-long type in Culicoides species. This is attributed to the lack of some nucleotides upstream of the ITS1 indel region ( Fig. 2A, gray box) in long type, which was not observed in other species and which was a characteristic in the long type of this species. Nevertheless, the sequences of the two types in C. cylindratus were similar to each other overall, except for the indel sequence. The nucleotide sequences in the region 5.8SÐITS2aÐ2S were identical between the two types in all three samples of C. cylindratus. In the ITS2 region, several nucleotide variations were observed between the two types but they were unrelated to the present sequence types. We also determined mito- ITS2 Sequences. The ITS2 sequences ranged from 188 bp (C. lungchiensis) to 267 bp (C. dubius); the longest and shortest sequences differed by 79 bp. Intraspecies homogeneities were from 92.2% (C. oxystoma) to 100% (C. paraflavescens) in ITS2, although the numbers of sequence clones varied among species. Using the ClustalX program (Thompson et al. 1997) with manual adjustment together with the three sequences in the DNA database, 29 sequences of 27 species were aligned. No noticeable indel sequences were found in the ITS2 sequences (Fig. 2B) .
Phylogenetic Analysis (ITS1 ؉ ITS2). Phylogenetic analyses were performed using software (PAUP* 4.0b10) based on ITS1 ϩ ITS2 sequences with NJ and ML method to elucidate the relationship of Culicoides species in Japan. Figure 4 shows an unrooted NJ tree of 29 sequences of 25 species in this study (Table 1 ) and three species from public databases (ML tree is not shown).
Bootstrap values (NJ 94%/ML 88%) supported that all subgenus Avaritia species, C. actoni, C. brevipalpis, C. brevitarsis, C. jacobsoni, C. maculatus, and C. wadai from Japan, and C. imicola (AF074019), were monophyletic, as shown in ITS1 analysis by Perrin et al. (2006) . In the Avaritia subgenus, bootstrap values supported the clades of C. maculatus and C. wadai (82%/81%) and C. brevitarsis and C. imicola (80%/ 78%). The clade of subgenus Avaritia and C. punctatus (67%/65%) was supported. The clade of C. cylindratus two types and C. aterinervis was supported (94%/ 62%). A monophyletic relation was further suggested in the clades of two C. arakawae species (100%/97%), C. peregrinus and C. lungchiensis (99%/98%), and C. ohmorii and C. sumatrae (78%/54%). The clade of C. kibunensis and C. verbosus (74%), the clade of C. kibunensis, C. verbosus, C. japonicus, and C. arakawae (58%) and the clade of C. ohmorii, C. sumatrae, C. peregrinus, C. lungchiensis, and C. nipponensis (56%) were supported only in the NJ tree.
Comparison with Species Outside of Japan. The ITS regions of some species examined here had been studied previously studied from samples collected outside Japan. The sequences of ITS1-ITS2 were nearly identical between C. arakawae in Japan and in Guangdong Province, southern region in China (2624 bp, AJ489503; Li et al. 2003) , showing no clear geographical phenotypes. C. kibunensis collected at Aomori showed three sequence types in two individuals, showing 98.5% homogeneity in ITS1 region. Inclusion of C. kibunensis in France (AY861146) showed 96.9% homogeneity among four sequences in ITS1 region. Ten sequence types were obtained from seven individuals of C. punctatus collected in Japan, showing 98.2% homogeneity in the ITS1 region. Including the sequence of C. punctatus in France (AY861157) showed 96.9% homogeneity among 11 sequences. The sequence from another C. punctatus (AJ417984, UK) specimen differed greatly, by Ͼ11 nucleotides, and possessing an indel region in ITS1 (refer the description below).
Phylogenetic Analysis (ITS1). The Culicoides genus is very large, including Ͼ1,400 species; attempts of morphological classiÞcation of Culicoides genus species into subgenera and groups have been made (Campbell and Pelham-Clinton 1960 , Wada and Kitaoka 1977 , Wirth and Hubert 1989 Wirth 1997 , Wada 1999 . Wada (1999) divided Japanese Culicoides species into six subgenera: Avaritia, Beltranmyia, Culicoides, Oecacta (subdivided into 11 groups), Monoculicoides, and Trithecoides. An NJ tree was calculated using HKY85 distance method with software (PAUP* 4.0b10) based on 695 bp of ITS1 sequences to elucidate the phylogenetic relationships of Culicoides species using all available data. Data of 39 sequences of 34 species were used from those that had been deposited in public databases; in all, 65 sequences were used for analyses. ML analysis was not performed.
The NJ tree shows three noticeable clades: (A) Avaritia subgenus (85%), (M) Monoculicoides subgenus (70%); and (P) Culicoides subgenus pulicaris group ϩ Culicoides derisor Callot and Kremer (84%) (Fig. 5) . These clades are consistent with those described in a previous report based on Culicoides ITS1 sequences (Perrin et al. 2006) . All six Japanese Avaritia subgenusÕ species were included in the (A) clade. No Japanese Culicoides species belonging to Monoculicoides subgenus was used in this study. In addition, C. punctatus, which was classiÞed into Culicoides subgenus pulicaris group (Campbell and Pelham-Clinton 1960) , was also in the (P) clade with other pulicaris group species. The ITS1 sequences of Culicoides pulicaris (L.), Culicoides lupicaris Downes and Kettle, and C. punctatus (AJ417984, UK) had an indel region (ITS1-long type). However, C. punctatus species in France (AY861157) and Japan had no indel region (ITS1-short type). In the subgenus Avaritia and Monoculicoides clade, no species had an indel region, as described previously. Figure 5 depicts that ITS1 long type Culicoides species are not monophyletic. This supports the result of Ritchie et al. (2004) that no clear phylogenetic relatedness is observed among Culicoides between ITS1-long and short types. However, the indel region sequences in the long type are highly conserved, especially in the Þrst 60Ð70 bp. These results indicate that the long type was prototype and the short type evolved by deletion in many Culicoides species. That C. cylindratus showed both types with and without the indel region in an individual seems to be the transitional state of deletion of the indel region. Hot spots in the sequence for deletion would seem to be present in the ITS sequences if this long-Þrst deletion theory is correct.
Many Culicoides sequences published to date are from Europe and South Africa. The present data enriched the ITS sequence collection for Culicoides and has enabled geographical comparisons of the species and has facilitated relative comparisons among species. Although the phylogenetic relation among Culicoides remains unclear, some groups were shown to be monophyletic. Mitochondrial sequences also did not clearly show a phylogenetic relation among Culicoides (Matsumoto et al. 2009 ). Mitochondrial and ITS sequences are insufÞcient for elucidating the overall phylogenetic relation in Culicoides species. Accumulation of the molecular data will facilitate studies of Culicoides, species identiÞcation, ecology, disease epidemiology, and control of disease transmission.
